Introduction
Since the discovery of carbon nanotubes (CNTs), they have been the focus of intense interest. 1 Based on the fullerene structure of graphitic sheets seamlessly wrapped into cylinders, CNTs display excellent chemical stability, good mechanical strength and a range of electrical conductivity. 2 CNTs can serve as excellent substrates for the development of biosensors and/or as a modifier to promote electron transfer reactions between many biologically important species and the underlying electrode. [3] [4] [5] [6] The direct electrochemistry of the flavoenzymes has been widely investigated since the 1970s. However, in the absence of mediating small molecules, well-defined direct electrochemical behavior of flavoprotein-oxidase systems is rendered extremely difficult, because the flavin adenine dinucleotide (FAD) moiety is deeply embedded within a protective protein shell. 2 The large redox enzyme xanthine oxidase (XOD, MW. 286000), being a unimolecular, multicomponent electron transport biomacromolecule, features one molybdenum centre, two Fe2S2 centres, and one flavin adenine dinucleotide (FAD), has been the target of extensive study, especially in the study of biosensors. 7, 8 The electrochemistry of xanthine oxidase has been examined at glassy carbon and mercury electrodes. No response is observed unless denaturation of the enzyme has occurred, in which case one finds a surface-confined chemically reversible process for free FAD. 9 Novel carbon materials are being evaluated as transducers, stabilizers and mediators for the construction of amperometric biosensors. 10 Carbon nanotubes are promising materials for use as electrochemical mediators and enzyme stabilizers. 10 Based on the consideration that carbon nanotubes might be the best candidate among the various carbonaceous substrates for promoting the electron transfer reaction of XOD and for biomolecular attachment, [11] [12] [13] [14] we explored the possibility of performing voltammetric studies of XOD at SWNT-modified gold electrodes. We now wish to report the preparation of SWNT-modified gold electrodes for the studies of direct electrochemistry of XOD. The analytical performance of the SWNT-modified electrodes is described and some spectroscopic evidence is presented to show that the attachment of XOD onto SWNTs does not perturb the XOD conformations drastically. Our work demonstrates that carbon nanotubes might be a unique material for the fabrication of useful biosensors and could be extended to the study of other redox proteins or enzymes.
Experimental

Reagents
Purified SWNTs were purchased from SES Research (Houston, TX). All solutions were prepared with deionized water treated in a Millipore water purification system (Millipore Corp.). Xanthine oxidase (MW. 286000) was acquired from Sigma and dissolved in a phosphate buffer solution (0.05 M, pH 7.0).
Apparatus
Voltammetric measurements were performed with a CHI 610 electrochemical workstation (CH Instruments, Austin, TX) in a conventional three-electrode cell. The working electrode was an Au disk electrode with a diameter of 2 mm. Prior to each measurement, the electrode was polished with diamond pastes and an alumina slurry down to 0.05 µm on a polishing cloth The direct electrochemistry of xanthine oxidase (XOD) was accomplished at a gold electrode modified with single-wall carbon nanotubes (SWNTs). A pair of well-defined redox peaks was obtained for XOD with the reduction peak potential at -0.478 V and a peak potential separation of 28 mV at pH 7.0. Both FT-IR spectra and the dependence of the reduction peak current on the scan rate revealed that XOD adsorbed onto the SWNT surfaces. The redox wave corresponds to the redox center of the flavin adenine dinucleotide (FAD) of the XOD adsorbate. Compared to other types of carbonaceous electrode materials, the electron transfer rate of XOD redox reaction was greatly enhanced at the SWNT-modified electrode. The peak potential was shown to be pH dependent. Spectral methods verified that the attachment of XOD onto SWNTs does not perturb the XOD conformations drastically.
(Buehler, Lake Bluff, IL), followed by sonicating in water and ethanol. The electrode was rinsed with a copious amount of deionized water. A saturated calomel electrode (SCE) and a platinum electrode were used as the reference and auxiliary electrodes, respectively. Unless otherwise stated, the electrolyte solutions were thoroughly degassed with N2 and kept under a N2 blanket.
FT-IR spectra were collected using an Avatar 360 FT-IR spectrometer (Nicolet Instrument Corp., Madison, WI).
Preparation of SWNTs and XOD/SWNTs modified electrode
With the aid of ultrasonic agitation, 1 mg of purified SWNTs was dispersed in 10 mL of N,N-dimethylformamide (DMF). For modification of the gold electrode with SWNTs, 15 µL of the SWNT suspension was cast onto the gold electrode and the solvent was allowed to dry under an infrared lamp. The preparative procedure was found to produce optimal voltammetric responses. Too little of the casting solution will not yield discernible voltammetric currents, whereas too much will increase the background current so much that the redox peaks became distorted.
The resulting electrodes were sequentially rinsed with water and the working buffer just before carrying out the CV experiment. In the preparation of XOD/SWNTs modified electrodes, 5 µL of 6.6 × 10 -6 M XOD solution was dropped onto the surface of each SWNTs modified electrode, which was then allowed to dry under ambient conditions.
All XOD/SWNTs electrodes were rinsed completely with water and the working buffer solution prior to the start of CV experiments.
In the FT-IR spectra measurements, silicon (100) wafers were used as the substrate for supporting the SWNT films, which were prepared in a similar manner to that for the Au disk electrode except that SWNT was dispersed in ethanol.
Results and Discussion
Direct electrochemistry of XOD at the SWNT-modified Au electrode
Cyclic voltammograms (CVs) overlaid in Fig. 1 show the redox behaviors of XOD in a 0.05 M phosphate buffer solution (pH 7.0) at a bare gold electrode (curve a) and at a SWNTmodified Au electrode (curve b). The CV acquired at the SWNT-modified gold electrode in the absence of XOD (curve c) is also given. As can be seen, while XOD at a bare gold electrode essentially exhibits no voltammetric response, a pair of well-defined redox peaks was observed at the SWNTmodified electrode. The absence of any discernable faradaic current in curve c suggests that the observed peaks in curve b did not come from the SWNTs. For curve b, at pH 7.0 and v (scan rate) of 0.1 V s -1 , the cathodic peak potential (Epc) is -0.478 V vs. SCE and the peak potential separation (∆Ep) is 28 mV. The ratio of the cathodic current over the anodic one is close to 1, suggesting that XOD undergoes a quasi-reversible redox process at the SWNT-modified electrode. The peak potential and the voltammetric characteristics are consistent with values reported for free FAD and the FAD redox center of the flavoenzyme. 9 The large background current is attributable to the catalytically active surface. 15 SWNTs with diameters in the range of 1 -2 nm and lengths up to several microns, have very high aspect ratios (length versus diameter). When used as an electrode material, the surface area of the electrode is increased. Consequently, the background current at the SWNTcoated surface is greater than that at the bare surface. After XOD is adsorbed on the SWNT film-modified electrode, the effective area and morphology of the electrode surface may change, resulting in the decreased background current.
We also collected voltammograms at unmodified glassy carbon electrodes and found that the voltammetric response (data not shown) was comparable to that of curve a. Thus, we have proved that SWNT-modified surfaces indeed enhance the electron transfer rate.
Effect of scan rate on the peak current and peak potential of XOD at an SWNT film-modified electrode
The influence of the scan rate on the electrochemistry of XOD at the SWNT film modified electrode was investigated by cyclic voltammetry. undergoes a reversible electron transfer with the SWNTs. The reason for the facile electron transfer reaction is that the surfaces of SWNTs enhance many electrochemical reactions. [16] [17] [18] [19] [20] [21] Effect of pH on the peak current and peak potential of XOD at an SWNT film-modified electrode Figure 3 depicts a series of CVs of XOD collected from 0.05 M phosphate buffer solutions of different pH values. As can be seen, within the pH range of 4.1 -9.1, the peak potential shifts to the cathodic direction with a slope of 47 mV per decade of [H + ]. Therefore, it appears that there are two protons involved per transfer of two electrons. This is consistent with the voltammetric studies of other FAD-containing flavoenzymes. 22 Thus, the electrode reaction could be described as below:
At about pH 7.0, the XOD redox peaks were found to be best defined. Therefore, we fixed the solution pH at 7.0 for the investigations of the analytical performance of SWNT-modified electrodes covered with XOD.
The surface coverage (Γ) of XOD on the SWNT film-modified electrode
The surface coverage (Γ) of XOD was calculated. In order to obtain the effective surface area of SWNT, we used K3Fe(CN)6 as a probe. CV experiments of 1 mM K3Fe(CN)6 at a SWNTmodified Au electrode were performed. For a reversible process, ip = (2.69 × 10 5 )n 3/2 AD 1/2 v 1/2 C0 for K3Fe(CN)6, n = 1, D = 7.6 × 10 -6 cm 2 s -1 , then the effective surface area of SWNT on the electrode could be calculated and 0.042 cm 2 was obtained. Then according to the coulometer charge in the cyclic voltammeter peaks of XOD-SWNT, the amount of XOD adsorbed on the SWNT surface could also be obtained. It was found that Γ is 1.2 × 10 -10 mol cm -2 , indicating that XOD may have a saturated multilayer, but only the XOD close to the surface contributes to direct electron transfer, according to the surface coverage.
Stability of the SWNT film-modified electrode
The preparative procedure for forming SWNT-modified electrodes was found to yield highly reproducible XOD redox currents. For example, five SWNT-modified gold electrodes fabricated using the same protocol produced an average ipc of 1.60 µA with a relative standard deviation (%RSD) of 6.5%, when the XOD concentration was 6.6 × 10 -6 M and v was 0.1 V s -1 . Such a value is acceptable for most well-established analytical methods, indicating that the effective area constituting SWNTs for the XOD adsorption remains constant between preparations.
FT-IR spectra of XOD on the SWNTs films
As shown in Fig. 4 , two amide bands, within ranges of 1700 -1600 cm -1 and 1600 -1500 cm -1 , were observed for both a XOD film cast onto a Si wafer and a SWNT film covered with XOD. The former (1632 cm -1 , amide I band) is caused by C=O stretching vibrations of peptide linkages in the XOD backbone, whereas the latter (1590 cm -1 , amide II band) results from a combination of N-H in-plane bending and C-N stretching of the peptide groups. 23 A SWNT-modified surface did not produce any spectral absorption in these wavelength ranges. Since amide I and II infrared bands have been widely used for monitoring conformational changes in proteins, 23 the presence of these two distinctive absorption bands in Fig. 4 clearly suggests that the attachment of XOD onto SWNTs does not perturb the XOD conformations drastically. Purposely denatured samples of XOD showed completely different spectral characteristics in their spectra in amide I and II regions.
Conclusions
In conclusion, this work demonstrates that direct electrochemistry of xanthine oxidase can be conducted at SWNT-modified Au electrodes. A reversible reduction wave can be observed with Epc at -0.478 V (vs. SCE) and ∆Ep of 28 mV at pH 7.0. The peak potential is pH-dependent and shifts to the cathodic direction by 47 mV per unit of pH. The cathodic peak current, ipc, was found to be proportional to the scan rate, suggesting that the redox wave was due to the XOD adsorbate at the SWNTs. The facile electron transfer reaction of XOD can be attributed to the unique properties of SWNTs. The attachment of XOD onto SWNTs does not perturb the XOD 637 ANALYTICAL SCIENCES APRIL 2004, VOL. 20 conformations drastically. The results suggest that SWNTmodified electrodes covered with redox-active enzymes may provide an attractive route for the development of biosensors and nanobiosensors.
